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Since the original description of Borrelia bavariensis sp. nov. in 2009, additional samples available from humans and ticks from Europe and Mongolia, respectively, have been used to further characterize Borrelia strains belonging to this group of spirochaetes that utilize rodents as reservoir hosts. These investigations suggested the presence of related strains in Europe and Asia and confirmed their status as representing a distinct species. Furthermore, samples that were investigated by researchers from China and Japan confirm the ecological relationship of members of this proposed species with rodents and suggest that it has a wide distribution in Eurasia. Here, we use phylogenetic and genetic distance analyses to validate B. bavariensis sp. nov. as a species within the Borrelia burgdorferi sensu lato species complex. The type strain is PBi Lyme disease or Lyme borreliosis (LB) is caused by several species of the Borrelia burgdorferi sensu lato species complex, which, at the time of writing, consists of 15 recognized and three proposed species. This species complex (also referred to as Lyme borreliosis group of spirochaetes) comprises parasitic bacteria that are maintained in natural transmission cycles between vector ticks of the genus Ixodes and numerous vertebrate reservoir hosts (Piesman & Gern, 2004) . Members of the species complex are distributed throughout the temperate zones of the Northern Hemisphere. Initially, most species of the genus Borrelia within the complex were delineated using DNA-DNA hybridization or diversity at the rrs locus (Baranton et al., 1992; Fukunaga et al., 1996; Le Fleche et al., 1997; Masuzawa et al., 2001; Postic et al., 1998 Postic et al., , 1993 . However, more recently multilocus sequence analysis (MLSA) has been accepted as a taxonomic instrument for bacterial species assignment (Bishop et al., 2009; Gevers et al., 2005) and was used to delineate species of the genus Borrelia (Postic et al., 2007; Richter et al., 2006; Rudenko et al., 2011) .
Borrelia garinii was one of the first species of the genus Borrelia to be delineated using DNA-DNA hybridization (Baranton et al., 1992) . Using this typing tool, a strain designated PBi (the proposed type strain for Borrelia bavariensis sp. nov.) that was isolated from a patient with neuroborreliosis in 1984 was included within this species. However, it was noted that strain PBi and closely related strains formed a distinct subtype, outer surface protein A (ospA) type 4, within B. garinii (Wilske et al., 1996) . RFLP analysis revealed that strains of this subtype were genetically highly homogeneous (Marconi et al., 1999) . Furthermore, ospA type 4 strains form a distinct ecotype within B. garinii and utilize rodents as reservoir hosts (Hu et al., 1997; Huegli et al., 2002) , while other subtypes of B. garinii are transmitted by birds (Dubska et al., 2009; Hanincová et al., 2003b; Taragel'ová et al., 2008) . In Asia, NT29 and related strains also comprise a rodent-associated ecotype within B. garinii, but their relationship to ospA type 4 strains from Europe remained unclear as European and Asian B. garinii not only differed in their ospA pattern, but also showed differences in the RFLP pattern of the 5S-23S intergenic spacer (reviewed by Miyamoto & Masuzawa, 2002) .
B. bavariensis sp. nov. was proposed as an independent species in 2009 using MLSA (Margos et al., 2009) . This was based on genotypic and phenotypic differences between European ospA type 4 strains and B. garinii strains. In the initial study, 10 ospA type 4 strains were included (Table 1) . Here, we performed MLSA typing of additional strains isolated from human patients in Europe (Table 1) as described previously (Margos et al., 2009) . This typing scheme is based on eight chromosomally located housekeeping genes, clpA, clpX, nifS, pepX, pyrG, recG, rplB and uvrA (Margos et al., 2008) . We also included in our analyses sequence types (STs) of the following previously typed strains using the same MLSA scheme: (i) strains found in Ixodes persulcatus ticks in Mongolia (Scholz et al., 2013) ; (ii) NT29-like strains from Asia of rodent, tick and human origin which have been described by Takano et al. (2011) ; or (iii) strains which were deposited in the MLST database (borrelia.mlst.net; Table 2 ).
Estimates of evolutionary divergence were conducted in MEGA 5 (using the Kimura two-parameter model), and were based on concatenated sequences of the eight housekeeping genes. STs of B. bavariensis sp. nov. and of two B. garinii strains (ST82 -which represents the type strain 20047
T -and ST384) and one ST of all available species belonging to the B. burgdorferi species complex were included. This analysis revealed that the genetic distance within B. bavariensis sp. nov. was ¡0.017 [including all currently available European (PBi-related) and Asian (NT29-related) STs] while the distances between B. bavariensis sp. nov. and bird-associated B. garinii were higher than the threshold value for species determination (Table S1 available in IJSEM Online). Genetic distances to all other currently known LB group species were .0.06, exceeding considerably the genetic distance between B. bavariensis sp. nov. and B. garinii (data not shown). These data suggest that the speciation of B. bavariensis sp. nov. and B. garinii occurred much more recently than the divergence from other LB group species. Phylogenetic analysis was conducted using maximum-likelihood (Tamura et al., 2011) . Consistent with previous analyses (Margos et al., 2009; Scholz et al., 2013; Takano et al., 2011) , European and Asian B. bavariensis sp. nov. formed a sister clade to B. garinii In this context, it is important to emphasize that giving species status to ecotypes of bacteria that form phylogenetically divergent sequence clusters (Koeppel et al., 2008) would have the advantage of being ecologically, epidemiologically and clinically predictive. It has been suggested that the ecological niches of LB species are broadly defined by their vertebrate reservoir hosts (Kurtenbach et al., 2006) . This notion is consistent with patterns of population structures observed for species of the genus Borrelia associated with different vertebrate hosts (Vollmer et al., 2011 (Vollmer et al., , 2013 . For example, it has been shown that rodent-associated Borrelia species show a very distinct population structure from bird-associated Borrelia species. The impact of different host associations on the pathogenicity of LB spirochaetes is incompletely understood and needs to be investigated further. The application of sufficiently sensitive typing tools will help in such investigations.
The data we present here show that B. garinii ospA type 4 strains form a novel species with a clearly distinct molecular background and rodents as preferred hosts. Furthermore, the results of this study show convincingly that B. bavariensis sp. nov. isolates from Europe and Asia belong to the same species. However, it is possible that B. bavariensis sp. nov. is divided into an Asian and a European subpopulation. This is supported by reports that NT29 (and related) strains are transmitted by I. persulcatus (but not Ixodes ricinus) (reviewed by Korenberg et al., 2002) , while European strains clearly utilize I. ricinus as vector (Hu et al., 2001) . Substantiation of this hypothesis will require experimental evidence based on transmission studies.
Description of Borrelia bavariensis sp. nov.
Borrelia bavariensis [ba.va.ri.en9sis. N.L. fem. adj. bavariensis of or belonging to Bavaria, from where the type strain was isolated (Wilske et al., 1993) ].
In previous studies, the type strain of B. bavariensis was termed B. garinii strain PBi (Baranton et al., 1992) . Note that strains BgVir and NMJW1, currently assigned to B. garinii in GenBank, belong to B. bavariensis sp. nov.
Cultural properties are as described previously for B. burgdorferi sensu lato (Johnson et al., 1984) . Strains belonging to B. bavariensis sp. nov. have been identified by MLSA in humans and ticks in Europe and Asia but have not been isolated yet in the United States.
The type strain, PBi T (5DSM 23469 T 5ATCCBAA-2496 T ), was isolated from human cerebrospinal fluid in 1984. The type strain has all of the characteristics described above for the species. The morphology of strain PBi T shows the typical spirochaetal pattern that is characteristic for LB spirochaetes (Fig. 2) as described previously for the genus (Johnson et al., 1984) . Fingerle, V., Schulte-Spechtel, U. C., Ruzic-Sabljic, E., Leonhard, S., Hofmann, H., Weber, K., Pfister, K., Strle, F. & Wilske, B. (2008) .
Epidemiological aspects and molecular characterization of Borrelia burgdorferi s.l. from southern Germany with special respect to the new species Borrelia spielmanii sp. nov. Int J Med Microbiol 298, 279-290.
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